Introduction
T h e ability of target cells to turn-off hormonal responses in the face of continuous stimulation is essential for the regulation of hormone action. This phenomenon, which pharmacologists refer to as desensitization, is due to regulatory events that occur at the level of the receptor as well as at post-receptor steps.
Earlier work done in several laboratories, including my own, defined two post-receptor steps that contribute to the desensitization of steroidogenic responses observed in male rats injected with lutropinlchoriogonadotropin (LH/CG), in freshly isolated rat or mouse Leydig cells, and in cultured Leydig tumour cells exposed to LH/CG. These include changes in the activity and/or levels of 17a-hydroxylase/ 17-20-lyase and a reduction in the amount of cholesterol available for steroidogenesis [ 1-31. Further studies performed in freshly isolated rat Leydig cells or in cultured Leydig tumour cells defined two additional regulatory events that
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occurred at the level of LH/CG receptor (LHR) (reviewed in [i94-71 1-One Of henceforth referred to as uncoupling, is relatively fast and is defined as a change in the properties of a conAbbreviations used: LH, lutropin; CG, choriogonadotropin; LHR, lutropinlchoriogonadotropin receptor; G,, stirnulatory G-protein; wt, wild-type; r, rat; m, mouse; h, human.
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stant number of receptors resulting in a functional uncoupling of the LHR from the GJadenylate cyclase effector system. The other, henceforth referred to as down-regulation, is relatively slow and is defined as a reduction in the density of cell surface receptors.
In this paper I will review recent studies from my laboratory that examine the molecular basis of the uncoupling and down-regulation of LHR.
Uncoupling of LHR
When target cells or non-target cells transfected with LHR cDNA are exposed to human (h)CG there is a fast reduction in the hCG-sensitive adenylate cyclase (i.e. desensitization) that cannot be accounted for by a change in the number of LHRs (i.e. down-regulation). Thus we can readily conclude that under these experimental conditions the hCG-induced desensitization is mostly (or entirely) due to uncoupling rather than to down-regulation of LHR [6, . The existence of the uncoupling phenomenon can also be readily documented by the finding that hCG-induced desensitization of the hCGresponsive adenylate cyclase can be demonstrated in isolated membranes where receptor down-regulation does not occur [6, 12] . Lastly, it is clear that the hCG-induced uncoupling is mostly (or entirely) due to functional changes that occur at the level of LHR rather than G, or adenylate cyclase, because after incubation of cells or membranes with hCG, there is no change in the CAMP response induced by NaF, cholera toxin or forskolin [6, 12] . Moreover, the functional activity of G, from membranes of cells treated with hCG has been measured directly by reconstitution of the isoprenaline-sensitive adenylate cyclase in cyc-membranes, and found to be normal [6, 12] .
Using human kidney 293 cells stably transfected with rat (r)LHR cDNA we have shown that rLHR becomes rapidly phosphorylated on serine residues when the cells are exposed to hCG or a phorbol ester and that these two stimuli also induce desensitization of the hCGresponsive adenylate cyclase [ 1 1 -151. Based on these findings, and by analogy with what is known about the uncoupling of the P2-adrenergic receptor (reviewed in [ 16, 17] ), we proposed that the agonist-induced phosphorylation of the rLHR is involved in the agonist-induced uncoupling of rLHR [ 141. Other investigators, however, have presented evidence that is not consistent with this hypothesis . In order to resolve this controversy we set out to formally test the hypothesis that receptor phosphorylation is involved in the desensitization of rLHR. We used a classical structure-function approach in which some of the seven intracellular serine residues present in rLHR ( Figure 1) were removed or mutated to alanine residues. Truncation at residue 653 (designated rLHR-t653) removes only S659
lntracellular regions of rLHR
The seven intracellular serine residues and the location of the three C-terminal truncations (t628, t631 and t653) are shown. The four serine residues and the single threonine simultaneously mutated to alanine residues in rLHR-5STT-A are in squares.
Volume 25 [11, 15] . Two truncations at residues 631 or 628 (designated rLHR-t63 1 and rLHR-t628) remove four additional serines (S635, S639, SM9 and S652) [11, 15] . The mutant designated rLHR-SS/T+A is a full-length mutant in which S635, T638, S639, SW9 and S6" were simultaneously mutated to alanines [lo] (please note that, although we know that threonine is not phosphorylated, we thought it was wiser to mutate T638 as well). All these mutant receptors were shown to bind hCG with the same affinity as the wild-type receptor, and clonal cell lines expressing a similar density of cell-surface receptors were obtained and matched with clonal cells expressing an equivalent density of wild-type (wt)-rLHR before further analysis. The maximal CAMP response to hCG and the EC5,, for this response in cell lines expressing rLHR-t653, rLHR-t63 1, rLHR-t628 and rLHR-SS/T+A were found to be similar to those of cells expressing rLHR-wt. The inositol phosphate responses to hCG in cells expressing rLHR-t631, rLHR-t628 or rLHR-5S/T+A were also comparable with or higher than those of cells expressing rLHR-wt, but the inositol phosphate response to hCG of cells expressing rLHR-t653 was severely blunted [ 10, 11, 15] .
The hCG-induced phosphorylation is completely lost in cells expressing rLHR-t628 or rLHR-t631, but only slightly reduced in cells expressing rLHR-t653 [ 1 1,151. These results clearly excluded S365 and S617 as phosphorylation sites (see Figure 1 ) and suggested that S635, S639, SM9 and/or S652 represent the major locus of phosphorylation. We also suspected that S659 may be a phosphorylation site, however. This conclusion was confirmed by the finding that the hCGor PMA-induced phosphorylation is severely blunted, but not lost, in rLHR-SS/T+A, a fulllength mutant in which S635, S639, SM9 and S652 are mutated, but S659 is retained [lo] .
The time course of hCG-induced uncoupling in cells expressing rLHR-wt suggests the existence of two phases: a fast phase, which occurs within 5 min of hCG addition and leads to a 40-60% reduction in the hCG-stimulated CAMP synthesis, and a slower phase, which leads to a further 20-40% reduction in the hCGstimulated CAMP synthesis (Figure 2 ). Figure 2 also shows that the time course and magnitude of uncoupling is not affected in the phosphorylation-positive rLHR mutant (rLHR-t653). On the other hand, cells expressing any of the three phosphorylation-negative rLHR mutants (rLHRt628, rLHR-t631 and rLHR-5WT-A) display a delay in the early phase of hCG-induced uncoupling, with little or no change in the slow phase. We would argue that this delay in uncoupling is caused by the phosphorylation of S635, S639, S649 and/or S6", and that the phosphorylation of S659 discussed above is functionally silent. Thus the functional properties of the agonist-induced uncoupling of rLHR-t63 1 and rLHR-t628 (which lack S635, S639, SM9, S6" and S659) are identical with those of rLHR-SS/T+A (where S635, S639, SM9 and S6" were mutated, but S659 was left intact).
Moreover, the removal of S659 with retention of S635, S639, SW9 and S6" (which was accomplished in rLHR-t653, see Figure 1 ) results in a receptor that displays a minimal reduction in phosphorylation and normal time course and magnitude of agonist-induced uncoupling (Figure 2 ). Our finding that phosphorylation affects mostly the time course of hCG-induced uncoupling of rLHR rather than its magnitude is important, because it provides an explanation for the conflicting functional data reported by us when using rLHR-t631 and rLHR-t628 [ 11,131 and by Birnbaumer's group using mouse (m)LHR-t628 [21] . They concluded that truncating the
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Agonist-induced uncoupling of several rLHR mutants
Clonal 293 cell lines expressing the indicated rLHR mutants were preincubated with 100 ng/ml hCG at 37°C for the times indicated. The free and bound hCG were then removed and the CAMP response to hCG was measured during a subsequent I S rnin incubation with 100 ng/ml hCG. The data presented were redrawn with permission from [lo, I I], 0 The Endocrine Society. 0 , rLHR-wt; 0, rLHR-t653; 0 , rLHR-t63I; A, rLHRt628; B, rLHR-5S/T-+A. 
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C-terminal tail of the mLHR at residue 628 did not prevent hCG-induced uncoupling, but their assays were performed at a single and late time point after exposure to a high hCG concentration. Our data (Figure 2) argue that their conclusions would have been different had they examined a more complete time course of uncoupling.
Since the removal or mutation of phosphorylation sites affects mostly the time course, rather than the magnitude of uncoupling, our findings also suggest that phosphorylation is not the only mechanism involved in hCG-induced uncoupling. It is important to stress, however, that this delay in the time course of gonadotropin-induced uncoupling (as opposed to a change in magnitude) detected in the phosphorylation-deficient mutants is not peculiar to rLHR. Thus others have shown that removal or mutation of the C-terminal phosphorylation sites of the Pz-adrenergic receptor delay the onset of agonist-uncoupling but have little or no effect on the magnitude of uncoupling observed upon prolonged incubation with agonist [22] .
Down-regulation of LHR
The phosphorylation and uncoupling of the LHR described above occur within minutes (Figure 2) of the addition of hCG. As the length of the stimulation continues, there is an eventual decrease in the density of cell-surface LHR (down-regulation).
Using Leydig tumour cells as a model system, we showed many years ago that hCG induces a massive down-regulation of LHR and this loss of LHR imposed an additional limitation on the responsiveness of the cells to further hCG stimulation [23] . Studies from this [24-261 and other laboratories [27] also showed that, upon binding to LHR, the receptor-bound hCG is internalized by endocytosis, and the hormonereceptor complex is transferred to the lysosomes where both the hormone and receptor are degraded. The hCG-induced down-regulation of LHR is due to its increased internalization and the virtual lack of recycling of the internalized receptor [24-271. The elevated levels of CAMP that result as a consequence of hCG stimulation also mediate a rapid decrease in the transcription of the LHR gene [28] and a subsequent decrease in the levels of LHR mRNA [29] . When compared with the increase in LHR degradation, the changes in LHR mRNA are relatively unimportant to the loss of LHR, however [29] .
In conducting these studies we made the surprising observation that the rate of downregulation of LHR induced by deglycosylated hCG (a weak partial agonist, see [30] ) in Leydig tumour cells was much slower than that of the agonist-occupied LHR [29] . This finding allowed us to perform an additional test for the importance of LHR internalization to the process of down-regulation, because it predicted that the internalization of the deglycosylated hCG-occupied LHR would be slower than that of the hCGoccupied LHR. As summarized in Table 1 , this prediction was readily shown to be correct [31] . We were also able to show that the reduced rate
Rates of internalization of hCG in Leydig tumour cells and in 293 cells transfected with several rLHR mutants
The data presented are reproduced, with permission, from [ I0. of internalization of the deglycosylated hCGoccupied receptor was not due to the lack of second-messenger generation. Thus (i) the addition of CAMP analogues to Leydig tumour cells did not increase the rate of internalization of deglycosylated hCG; and (ii) the rate of internalization of hCG in Leydig tumour cells expressing a CAMP-resistant phenotype is not slower than that of hCG in the wild-type Leydig tumour cells [31] . These data suggest that one or more steps in the 'activation' of LHR are needed for the efficient endocytosis of the hormone-receptor complex.
T h e importance of LHR activation to the process of internalization was further assessed by comparing the rate of internalization of hCG in cells transfected with several inactivating mutations of rLHR. We decided to study mutants that were not confined to a single area of LHR because we wanted to avoid disruption of putative internalization sequences [33] . Based on this reasoning and on a literature search of highly conserved residues in the G-protein-coupled receptor family, we chose the following three mutants: (i) R442H, a single point mutation in the second intracellular loop, based on inactivating mutations of the arginine vasopressin receptor that are responsible for nephrogenic diabetes insipidus [34] ; (ii) D383N, a point mutation in the second transmembrane helix (TMZ), based on work with the a2-adrenergic receptor [35] ; (iii) Y524F, a point mutation in TM5, based on work with the angiotensin I1 receptor [36] . As expected, these mutations did not affect hCG binding, but did impair signal transduction mediated by LHR [32] .
T h e data presented in Table 1 summarize the two lines of evidence that clearly correlate rLHR activation with the efficiency of internalization. First, the three inactivating mutations of LHR expressed in non-target cells internalize hCG at a lower rate than LHR-wt [32] . Second, the rate of internalization of deglycosylated hCG, a very weak partial agonist of LHR (see above), is lower than that of the agonist in MA-10 cells [31] . In fact, the rate of internalization of this weak partial agonist is only slightly higher than that of the unoccupied mLRH endogenous to MA-10 cells [26] .
T h e reasons for the variable magnitude of the effects of the three inactivating mutations of LHR on the rate of internalization are not fully understood at the present time. It is possible that more than one step leading from agonist binding to the activation of the GJadenylate cyclase pathway are important for internalization, and that these three mutations do not affect the same step in the activation process. In fact, more recent experiments suggest that we will even have to consider some of the agonist-induced events that occur beyond G-protein activation as being important to the process of internalization, because LHR 5S/T+A, a mutant form of rLHR that is fully active in signal transduction but deficient in phosphorylation (see above), is also internalized more slowly than wild-type LHR (Table 1) . These results are in keeping with recent reports indicating that the phosphorylation of the &adrenergic receptor and the interaction of the phosphorylated P2-adrenergic receptor with arrestin are needed for internalization [37-391.
Summary
T h e studies summarized here clearly show that the phosphorylation of one or more serine residues (S635, S639, SW9 and/or S6'*) present in the C-terminal tail of the LHR is necessary, but not sufficient, for the agonist-induced uncoupling of the LHR from adenylate cyclase and for the endocytosis of the agonist-receptor complex. Simultaneous mutation of these four serines to alanines decreases the rate of agonist-induced uncoupling and the rate of agonist-induced internalization. This mutation does not affect the magnitude of agonist-induced uncoupling attained upon a long incubation with agonist, nor does it reduce the rate of internalization of the agonist-bound LHR to that of the free LHR. Thus additional molecular interactions and/or post-translational modifications of the LHR are needed for uncoupling and down-regulation. 
